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Abstract 
 
 
The availability and low cost of coal and natural gas make them favorable fuels for 
energy conversion processes. However, the combustion of carbon-based fuels inevitably 
results in production of CO2. To avert climate change and comply with likely future 
regulations, the CO2 byproduct must be efficiently captured. Unfortunately, existing 
carbon capture methods result in up to a 2-fold increase in capital and operating costs. 
Chemical looping technologies are a group of processes that can separate the CO2 stream 
in-situ by utilizing iron oxide composite particles as oxygen carriers. The process allows 
for efficient total carbon capture, therefore ensuring a sustainable future for carbon-fueled 
hydrogen production. The objective of this study was to explore the effect the presence of 
carbon has on the reduction rates of 11 iron oxide-based particle compositions. The 11 
particles have been isolated from previous recyclability tests of 126 different particle 
compositions. Faster reduction rates allows for a reduction in capital costs in scale-up 
design and a smaller oxygen carrier requirement, both of which are required to ensure the 
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success of CDCL. The experiments use TGA to determine the rate of reduction at 900°C 
and 1 atmosphere in a methane (CH4) environment. T-7, T-2 and T-3 compositions have 
the fastest rate of reduction. The addition of CeO2 and ZrO2 based promoters are shown 
to enhance these rates even more and reduce the rate of carbon deposition. The use of 
promoters needs to be explored more extensively to find the optimal composition for an 
acceptable trade-off in cost for performance. 
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0. Notation 
X - Extent of reduction; also referred to as X1 or X2 depending on the experiment. 
Xi[t] - Extent of reduction at time t. 
m0 - Initial mass of sample. 
m[t] - Mass of sample at time t. 
T-Y – Represents a tertiary mixture where ‘Y’ refers to the sample number. 
B-Y – Represents a binary mixture where ‘Y’ refers to the sample number. 
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1. Introduction 
 
In the limelight of rising fuel costs and increasing concern for the environment, 
alternate means of fuel production are becoming a concern all over the world. One root 
cause of these issues comes from the fact that combustion of carbonaceous fuels 
inevitably produces carbon dioxide (CO2). Today, the most efficient means of energy 
generation available is through the combustion of abundant carbon-based resources, such 
as petroleum, coal and biomass. No one can dispute the fact that the production and 
release of CO2 is rising on an unnaturally massive scale, which is in turn causing an 
increase in governmental regulation (1). Primary sources of the CO2 emissions come 
from burning of fuel in power plants and the transportation industry (2). As the world’s 
population continues to increase, the need for energy will only increase, along with the 
emissions of CO2. Another point to make is that hydrogen (H2) seems to be the likely 
energy transportation medium over petroleum and electricity, due to its environmentally 
friendly combustion products and higher energy density over batteries (3). With these 
points in mind, there seems to be a definite need for alternative methods of producing 
energy and better ways of capturing and utilizing the harmful pollutants. 
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Figure 1: Schematic for Coal Gasification to Generate Electricity with Liquid Fuel Co-Production (4) 
 
Recently, research has shown that a coal-to-liquids plant using gasification and 
water-gas shift (WGS) can coproduce electricity and hydrogen at 60% efficiency, while 
maintaining acceptable CO2 emissions (3). Figure 1 shows a schematic for a proposed 
coal-to-liquids plant using this concept. This process requires that coal be pulverized or 
slurry mixed before being fed to the plant. Gasification uses minimal amount of air and 
steam to convert the coal to syngas, mostly CO and H2. Next, the Hg and H2S are 
separated from the syngas. The syngas is then passed to a WGS reactor to produce 
hydrogen (5). Liquid fuels can also then be produced using Fischer-Tropsch (F-T) 
Synthesis. The water-gas shift reaction helps to convert the CO in syngas to mostly H2 
and CO2 as shown by the equilibrium shown in equation 1.0.1, 
𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶 ⇌ 𝐻𝐻2 + 𝐶𝐶𝐶𝐶2   [1.0.1] 
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Since this type of plant minimizes the amount of air introduced, the volume of gas 
that needs to be scrubbed is greatly reduced. However, capital costs for these types of 
plants will always be higher than a traditional plant and the CO2 is still difficult to 
manage because it is mixed with H2. In addition, the WGS reactor is thermodynamically 
limited so it requires expensive catalysts and somewhat precise temperature control of the 
reactor in order to minimize the amount of water required and the amount of un-reacted 
CO (6). On the other hand, the advantage of such a plant is that the H2 can be used for 
energy in hydrogen fuel cells, steam turbines and hydrogen combustion engines. The 
combustion product of H2 is purely steam, which can be safely released to the 
environment. This also means that a H2 based economy implemented for the 
transportation industry would largely reduce global CO2 emissions. 
Traditional power plants must add on additional units in order to separate and 
sequester pollutants. Chemical Engineering has come a long way with research in 
pressure swing absorption (PSA), temperature swing absorption (TSA) and membrane 
based separations. Therefore, power plants are now able to sequester CO2 emissions to 
some degree, but these units require immense amounts of energy for operation. 
According to the DOE, current technologies cost up to $150 to capture one ton of carbon, 
which leads to an unacceptable increase in the cost of electricity by up to $.04/kWh (7). 
Using coal gasification has the advantage of making CO2 capture slightly less intensive, 
due to the smaller volume of gas flowing through the separation system. Nevertheless, 
CO2 still needs to be separated from bulk air in order to reduce the volume of gas to be 
stored. 
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CO2 itself is not necessarily bad, as there is a natural carbon cycle on Earth that 
was existent pre-industrialization; it was and still is vital to the global ecosystem. 
Volcanic emissions and natural wildlife all emit CO2, but at the same time the oceans and 
plant life also absorb most of this CO2, thus creating a cycle. Unfortunately, the immense 
amount of CO2 that released today is accelerated by combusting the normally locked 
away carbon sources stored deep within the Earth. An additional part of the issue of CO2 
is beyond just being able to capture it. Where to store or utilize the captured CO2 is also a 
large concern. Figure 2 from the U.S. DOE overviews the result of the manmade carbon 
cycle. 
 
Figure 2: Modern Manmade Carbon Cycle  (8) 
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The concept of sequestration relies on having a market for all of the bottled CO2 
or a place to store it all. The gas is already used in small amounts in the production of 
many packaging materials and for carbonation of drinks. In addition, CO2 can be pumped 
into oil wells to enhance recovery of hard to reach oil. In addition, biomass has been 
proposed as a possible fuel source since it has a natural carbon cycle. Biomass consumes 
CO2 as it grows and when it is burned, it produces CO2 for more biomass growth. The 
future of energy generation relies on having a new manmade carbon cycle for all of the 
CO2 that is unnaturally released. Figure 3 shows the increasing historical trend of 
atmospheric CO2 concentrations at the South Pole from 1957 to 2007 from the Carbon 
Dioxide Information Analysis Center (CDIAC).  
 
Figure 3: SIO CO2 Concentrations at the South Pole from 1957 to 2007 (9) 
 
Unfortunately, accurate atmospheric CO2 data was not directly measured before 
1957, so ice core data has to be relied on to show that the periodic trend of oceanic CO2 
concentration remained relatively stable until recently, as shown in Figure 4. Still today, 
not everyone is convinced, but Figure 5 shows the rising trend of U.S. CO2 emissions per 
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capita from the 1800s to the present, also from the CDIAC. One must consider whether 
or not there is a link between these events. 
 
Figure 4: CO2 Concentration from Ice Cores in Law Dome, Antiarctica (9) 
 
 
 
Figure 5: United States CO2 Per Capita Emissions Estimates (9)  
16 
2. Chemical Looping Processes 
2.1 Syngas Chemical Looping  
Cost is the primary factor keeping nations away from investing heavily into 
sustainable or renewable technologies. Currently at $2.22/million BTU, coal is and will 
remain to be one of the cheapest natural resources, only second to petroleum coke (10). 
Therefore, coal will remain to be very attractive due to its cost and abundance, so it is 
vital to find better ways of managing emissions from coal sources. As stated before, the 
downside of today's coal plants is that they still require an enormous amount of energy 
and cost to operate the additional separation units. Li discusses how a utilizing a chemical 
looping strategy can increase efficiencies 4 to 10% over a traditional coal-to-hydrogen 
plant (5). A possible layout of the processes in a plant retrofitted with SCL is shown in 
Figure 6. 
 
Figure 6: Possible Future SCL-Powered Plant 
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For clarification, SCL is a subset of Chemical Looping Combustion (CLC) 
technologies. In order to describe the process better,  
Figure 7 shows process flow diagram of the SCL process. The technology works 
by circulating a solid metal-based oxygen carrier between two primary reactors, a reducer 
and a combustor. For the purpose of this discussion, syngas (CO + H2) will be the 
primary fuel source, but this process is compatible with any hydrogen-rich carbon-based 
fuel source. In addition, the metal-oxide oxygen carrier will be considered Fe2O3, for 
reasons discussed later on. The reduced form of the oxygen carrier denoted by FeOx can 
actually be in the form of FeO4/3, FeO and Fe depending on the operating parameters of 
the process. 
 
 
Figure 7: Iron-based SCL Process Flow Diagram Overview 
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2.2 Reducer 
In the reducer, the metal-oxide converts the fuel to CO2 as shown by the mole 
balance in equation 2.2.1. The mole balance in equation 2.2.2 is provided to show the fate 
of H2 in the syngas. 6𝐹𝐹𝐹𝐹2𝐶𝐶3 + 18𝐶𝐶𝐶𝐶 → 12𝐹𝐹𝐹𝐹 + 18𝐶𝐶𝐶𝐶2   [2.2.1] 
𝐹𝐹𝐹𝐹2𝐶𝐶3 + 3 𝐻𝐻2 → 2𝐹𝐹𝐹𝐹 + 3𝐻𝐻2𝐶𝐶   [2.2.2] 
Overall, the reducer converts all the Fe2O3 to a reduced state while the fuel is converted 
to CO2 or steam, with trace amounts of other pollutants, such as heavy metals. In this 
case, the oxygen carrier is reduced all the way to Fe/FeO, which is desired for a hydrogen 
production process. This part of the process produces a stream with high purity CO2 that 
can be bottled after condensing and recovering energy from the H2O. Here is where the 
SCL strategy exhibits its first advantage over traditional carbon-capture methods. At the 
same time, the exact particle composition required to make the reducer run for multiple 
cycles will have to be able to withstand all the possible components that may enter the 
reducer along with the fuel. 
 
2.3 Oxidizer 
After reduction, the oxygen carriers must be regenerated to the original form, 
Fe2O3. When hydrogen production is desired, the particles are passed to an oxidizer 
where it is reacted with steam through an exothermic reaction, shown by the mole 
balance in equation 2.3.1. 12𝐹𝐹𝐹𝐹 + 16𝐻𝐻2𝐶𝐶 → 16𝐻𝐻2 + 4𝐹𝐹𝐹𝐹3𝐶𝐶4    [2.3.1] 
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 Here is where the CLC process exhibits its second advantage over traditional processes. 
According to Li, this process can produce a 99.9% pure hydrogen stream at 80% 
efficiency (5). In addition, this part of the process is highly exothermic and the heat can 
be recovered for steam turbines, though even more heat is recovered in the next 
combustion step. When hydrogen production is not necessary, this step can be skipped. 
 
2.4 Combustion Train 
Regardless of hydrogen production or not, the combustion train is required to 
return any state of the reduced oxygen carrier back to its useful form. The balance in 
equation 2.4.1 shows how the combustion train operates in cooperation with a hydrogen 
production plant. 4𝐹𝐹𝐹𝐹3𝐶𝐶4 + 𝐶𝐶2 → 6𝐹𝐹𝐹𝐹2𝐶𝐶3    [2.4.1] 
The heat produced in this section can be recovered to power steam turbines. The 
regenerated oxygen carriers can then return to the reducer for reaction with more fuel.  
 
2.5 Coal Direct Chemical Looping  
Processed syngas is usually low in sulfur, heavy metals and ash content when 
compared to the raw coal. A more difficult but attractive approach to CLC is directly 
using coal as the fuel. Instead, of gasifying the coal and then feeding syngas to the SCL 
process, the pretreated coal can be fed directly into the reducer as the fuel and gasified 
directly by the oxygen carrier. Pretreatment would include pulverization and possibly a 
cleanup of some unwanted substances, such as tar. Using this method is different from 
SCL because it eliminates the gasification step, thereby increasing the overall plant 
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efficiency. Research has shown that CDCL has a higher hydrogen-to-CO2 ratio than SCL 
(11). However, using coal as fuel presents several issues such as solid-solid reaction 
between oxygen carriers and coal, removal of coal ash and existence of volatiles, tars and 
additional pollutants. The existence of these components requires additional pollutant 
handling and tolerance. There is extensive ongoing research for the scale-up of such a 
process. Although the fuel source is slightly different, the primary process is similar and 
the optimal metal-oxide for this process should have similar performance requirements to 
the metal-oxide used for SCL. 
Additional research has shown that chemical looping actually has the potential to 
become the stepping-stone into a hydrogen-based economy while improving the 
efficiency of existing power plants. Together, Syngas Chemical Looping (SCL) and Coal 
Direct Chemical Looping (CDCL) will allow power plants to generate electricity and 
produce high purity H2, while releasing zero emissions to the atmosphere (4). 
 
2.6 Metal-oxide Oxygen Carrier 
The keystone of CLC technology is the oxygen-carrier that will be utilized. The 
oxygen carrier should not only have good reactivity with respect to hydrogen production 
and energy conversion, but also good resistance to agglomeration, as well as carbon and 
sulfur deposition. Oxides of Ni, Cu, Cd, Co, Mn and Fe can be used in a cyclic manner in 
CLC, but they all exhibit different performance at different temperatures. Gupta and 
colleagues investigated each of these metal-oxides and, the existing intermediates, such 
as Fe3O4 and MnO. Based on their analysis, they conclude that pelletized iron-oxide 
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based particles fulfill all the criteria in terms of thermodynamic performance and 
economics for use in chemical looping (12). The inspiration for further investigation is 
the idea that adding supports to the particle can increase the surface area and thus further 
increase the reactivity and stability. 
Results from experiments have shown that there can be complex interactions with 
liberated carbon that may exist in the system. The exact mechanism of carbon deposition 
is not limited to a single pathway and therefore difficult to analyze. During Coal 
gasification, there is also the existence of CO and CO2 in the system, which may enhance 
or reduce the amount of carbon deposition. One source of unwanted carbon deposition 
can result from the carbon that is potentially liberated by the Boudouard Reaction shown 
in equation 2.6.1.   
2 CO -> C + CO2            [2.6.1] 
It would be ideal to avoid the decomposition of syngas because the C can deposit on the 
particle or even react to form carbides with the base metal. The deposition and carbides 
slow the rate of reduction and will eventually cause a major drop in performance after 
each cycle. Group studies of thermodynamic simulations in ASPEN show that the carbon 
deposition can be limited if the particle conversion is kept below 70%. In addition, 
supporting components show the possibility of reducing the amount of carbon deposition 
while increasing the initial rate of reduction, this paper will experimentally analyze the 
effect on rate this carbon has on various particle compositions.  
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3. Experimental Setup  
3.1 Particle Preparation 
Initially, Fe2O3 powder was mixed systematically with various support materials, 
including Mg, Al, Ni and Mn based oxides. The powders were both dry-mixed and slurry 
mixed to produce 126 different total binary and tertiary particle compositions. The 
powder was then sintered at 900°C in an N2 environment for at least 4 hours. These 
particles were then used for recyclability tests to determine which compositions were able 
to perform for at least 5 cycles. Performance parameters included oxygen carrying 
capacity, strength and size. There were no major differences in performance between the 
slurry mixed and dry mixed particles, so the slurry mixed samples were eliminated from 
future tests. The rest of the results have been analyzed by other members of the group and 
led to the isolation of 11 particles to be tested for carbon tolerance.  
 
3.2 Thermogravimetric Analysis  
 
Figure 8: Setaram SETSYS TGA 
 
Lab scale testing of the particles is the quickest and most accurate method to 
measure particle performance. Shown in Figure 8, the Setaram SETSYS 
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Thermogravimetric Analysis (TGA) has two primary parts, the balance and furnace. The 
TGA uses thermocouples for accurate and precise control of temperature as well as 
valves to control the gases flowing into the furnace. A computer running the provided 
SETSYS software records time, temperature and mass data throughout each experiment. 
Previous group studies of particle recyclability have eliminated the poor performers from 
126 different particle compositions, isolating the 11 particles, listed in Table 1, for further 
rate and carbon deposition studies. The samples are denoted by B-Y if they are binary 
mixture samples or T-Y if they are tertiary mixture samples, where Y is a number that 
represents the sample composition. 
Table 1: List of Particles and Experimental Parameters 
Sample T-8 T-7 T-6 T-6 T-5 T-4 T-4 T-3 T-2 T-1 B-3 B-2 B-1 
Initial Weight(mg) 49.2 35.8 26.8 31.0 40.1 41.9 21.9 32.9 27.6 38.1 51.4 45.6 28.0 
Reducing Time 40 20 20 40 40 40 40 40 40 40 40 40 40 
 
The samples are heated from room temperature to 900°C at 55°C/min. Once the 
reactor reaches 900°C, CH4 is fed to the TGA at 30 ml/min for the specified reducing 
time. In addition, 50 ml/min of nitrogen (N2) gas and 100 ml/min of helium (He) gas is 
fed continuously to the TGA to flush the furnace of any air. Minor variations in pressure 
can cause experimental error by causing minor variations in gas flow rate throughout one 
trial. In efforts to normalize the data, the flow rates are always verified at the start of 
every trial using the same digital flow meter.  
The results of the experiments are processed using Calisto Processing software 
provided by Setaram. First, the results of a background empty crucible test are subtracted 
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from the results of each experiment to remove variations caused by temperature and 
pressure changes. Then the data is exported to Microsoft Excel to convert mass data to 
iron-oxide reduction extent (X1) as a function of time, by equation 3.2.1 where m0 is the 
mass of the sample at t=0 and m[t] is the mass of the sample at time t.  
𝑋𝑋1[𝑡𝑡] = (𝑚𝑚0−𝑚𝑚 [𝑡𝑡])0.15∗𝑚𝑚0 ∗ 100%    [3.2.1] 
It is expected that X1 will initially increase during reduction and then slowly 
begin to decrease due to evidence of carbon deposition. The rate of the initial reduction is 
also significant because it could be a sign of carbon deposition occurring before the 
particle reaches 70% conversion. Therefore, the performance will be judged by the 
reduction rate. One way to improve the performance of the particle and to help avoid 
carbon deposition would be to use promoters to increase the oxygen ion conductivity. To 
test the hypothesis, ZrO2 and CeO2 promoters are mixed in with each sample at 5-wt% 
and tested with the same procedure as above. To account for the added weight, the 
calculation of reduction extent (X2) must be altered as shown by equation 3.2.2.  
𝑋𝑋2[𝑡𝑡] = 10.95 ∗ (𝑚𝑚0−𝑚𝑚 [𝑡𝑡])0.15∗𝑚𝑚0 ∗ 100%    [3.2.2] 
After all the data has been adjusted to conversion numbers, they are plotted using 
MATLAB and analyzed in graphical form. The experiment eliminates as many poor 
performers as possible, and the remaining particles should move on to larger scale testing 
in a fixed-bed reactor and with char environments to simulate the CDCL process. 
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4. Results and Discussion  
4.1 Reduction Rate 
The results of the experiments are analyzed both graphically and analytically. The 
plots of the reduction extent versus time from each experiment show one of two patterns, 
as predicted. Figure 9 shows one group of results with a similar shape.  
 
 
Figure 9: Extent of Reduction (X): Particles Showing Little Carbon Deposition 
 
These compositions show the extent of reduction rising continuously, but slowing 
down as it nears X=0.70. The slowing of the rate of reduction is most likely due to 
methane decomposition that occurs as the extent of reduction reaches a certain point. 
These particles showed little evidence of carbon deposition, but reduce too slowly for 
efficient chemical looping. These particles should be excluded in any future scale-up tests 
since they are considered poor performers. 
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The other group of samples expresses a much different pattern when the reduction 
extents are plotted versus time. Figure 10 shows the extent of reduction for the group of 
particles that increases in reduction extent to a certain point then begins to decrease. 
Some of these samples even go to negative conversions, which mean the final mass of the 
sample ended up being higher than the initial mass. 
 
 
Figure 10: Extent of Reduction (X): Particles Showing Definite Carbon Deposition 
 
The reason that the extent begins to decrease is most likely due to an increase of 
particle mass caused by carbon deposition. The result is in agreement with the 
thermodynamic simulations that suggest carbon deposition begins when X=0.70. 
Although these particles show definite signs of carbon deposition, these compositions 
should be considered for the next scale-up tests. These particles all reach 80% conversion 
within 35 minutes, as opposed to the slower particles from the other group, which barely 
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reach 70% conversion after 40 minutes in a reducing environment. The quickest 
performing particles in this group are T-7, T-3 and T-2, with T-7 performing nearly twice 
as fast as the other two. On a similar note, the worst performers in this group are T-5 and 
T-6, with reduction times nearly three times as long as T-7. A shorter reduction time is 
beneficial because it allows for smaller reactors and smaller oxygen carrier requirements. 
 
3.2 Effect of Promoters 
CeO2 and ZrO2 are two oxygen ion conductors commonly used in industry. Their 
application here is to enhance the availability of oxygen in hopes to increase the rate of 
reduction of the sample. The slowest particles with promoters are still slower than the 
fastest particles in Figure 10, so only the top three performers are discussed. Figure 11 
shows the results of the experiment for the T-7 composition with and without promoters. 
The addition of promoters definitely enhances the rate by a considerable amount, with 
CeO2 contributing to a 21.9% decrease in time required to reach 70% conversion. 
 
Figure 11: Comparison of Rates for T-7 with Promoters 
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Figure 12 shows the results for the promoter tests with the T-2 particles. The 
results are similar to the T-7 experiment except that adding CeO2 led to the greatest 
increase in rate, with about 32.5% decrease in time required to reach 70% conversion. On 
the other hand, the promoters do not enhance the rates fast enough to outperform the T-7 
particles. 
 
 
Figure 12: Comparison of Rates for T-2 with Promoters 
 
 
While the promoters enhanced the rates of most of the particle compositions, not 
all of the compositions benefited. Figure 13 shows the results of the T-3 particles mixed 
with promoters. T-3 was the third best performer when the original compositions were 
compared, but the addition of Ce increased the time required to reach 70% conversion. In 
contrast, the ZrO2 still promoted particle performed the fastest, about 14% faster than the 
base composition. It is possible that in this case the T-3-Ce particle actually promotes 
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carbon deposition as well, slowing down the rate of reduction. A carbon analysis would 
need to be done to verify this hypothesis. In addition, this result could have been caused 
by errors due to imperfect dry mixing techniques, however, the majority of experiments 
show relatively promising results, which all justify the use of promoters. 
 
 
Figure 13: Comparison of Rates for T-3 with Promoters 
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5. Conclusions and Recommendations 
Chemical looping strategies seem to have the most promise as a stepping-stone 
into a cleaner future for energy generation. Having an H2 powered economy will 
centralize the CO2 production making it easier to track and capture. Sequestration of CO2 
still requires some research into the effects and methods of creating a successful 
manmade carbon cycle. The primary observation achieved from the results in these 
experiments is that the reactor design should only allow enough residence time to reduce 
the particles 70%, otherwise the particles may exhibit undesired carbon deposition. In the 
future, carbon analysis of the particles can be done to verify whether carbon deposition 
happens before the particles reach 70% conversion, this could affect the purity of the 
combustion air stream and the long-term performance of the particles. Regardless, the top 
performers are all from the T-7 family of particles, with the Ce-enhanced particles 
performing the fastest. Cycled tests for the T-7-Ce composition should be done to verify 
that the increase in rate does not result in a decrease in strength and recyclability. In 
conclusion, the T-7 family of particles with some promoters allows the chemical looping 
processes to use smaller reactor designs and a smaller amount of metal-oxides in 
circulation. 
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